formed 'proto-framboids' were found to be embedded in particularly large quantities 82 of biofilm and possessed micro-crystals with anhedral crystal faces, suggesting that 83 biofilms provide an organic template (constrained growth space) for the growth and 84 aggregation of pyrite micro-crystals (Maclean et al., 2008) . Furthermore, the 85 polysaccharide-dominated surfaces of biofilms have a strong affinity for Fe 2+ ions, 86 providing ideal nucleation sites for iron sulfides, and may also play a role in 87 stabilizing the framboids during sediment compaction or disturbance (Large et al., 88 2001) . 89
90
In ancient environments, however, where significant pyrite recrystallisation may have 91 taken place and framboid-containing rocks may have experienced both low 92 temperature and high temperature conditions (cf. Scott et al., 2009) , it is more 93 difficult to securely identify pyrite framboids and to demonstrate a biological 94 formation mechanism. Some ancient framboids still retain their characteristic 95 morphology when viewed under reflected light or the SEM (Soliman and El Goresy, 96 2012), but many others, such as those studied here, may be 'hidden' within larger 97 grains.  34 S data may indicate whether the sulfur incorporated into framboids has a 98 biogenic source (Kohn et al., 1998) , but they do not reveal whether framboid growth 99 occurred within a biological matrix. Furthermore, the small size of framboids means 100 that conventional bulk isotopic and elemental analyses lack the spatial resolution 101 required to provide meaningful data. Here we combine in situ secondary ion mass 102 spectrometry (SIMS) and transmission electron microscopy (TEM) to provide a new 103 way to detect and measure relict framboids within ancient pyrite grains, and evaluate 104 the contribution of biology to their nucleation and growth mechanisms. 105
RESULTS AND DISCUSSION 107

Pyrite chemistry and nanotexture 108
Turbiditic siltstones of the ~560 Ma Fermeuse Formation at Back Cove, Bonavista 109 Peninsula, Newfoundland, contain clusters and laminae of small (<50 m) pyrite 110 grains (Fig. DR1 ). Pyrite morphology ranges from rounded, through to subhedral and 111 euhedral cubes. Secondary electron (SE) images and NanoSIMS sulfur ( demonstrate the nano-texture of the ISZ and the OZ, and also show that the grains 129 have a distinct thin (<500 nm) outer rim ( Fig. 2d-e) . In the ISZ, pyrite micro-crystalsare close packed, as expected for framboidal pyrite (cf. Ohfuji and Rickard, 2005) , 131 and each of these pyrite micro-crystals has a thin (c.50-100 nm) nano-porous rim 132 (Fig. 2d-e, arrows) . The OZ also has a nano-porous texture and these pores tend to be 133 slightly larger than those in the ISZ (Fig. 2c) . The nano-porous rims of the ISZ 134 together with the nano-porous OZ correspond precisely to the areas of CN org 135 enrichment seen in NanoSIMS ion maps. Unfortunately, the relatively poor detection 136 limits for N, together with the extreme thinness of the TEM sample, preclude accurate 137 mapping of CN org in the TEM. Only relatively large clumps of CN org at some crystal 138 boundaries can be visualized in the TEM (Fig. DR2) . We suggest that the nano-pores 139 house the remaining CN org seen in NanoSIMS maps, but it is also possible that CN org 140 is held within the pyrite crystal lattice itself in these areas. Arsenic and nickel occur in 141 trace amounts restricted to the nano-porous rims of the ISZ (and to a lesser amount in 142 the OZ), correlating with the CN org enrichment seen in the NanoSIMS maps (Fig.  143   DR2 ). At the boundary between the ISZ and the OZ, the ISZ micro-crystals are 144 sharply terminated against the OZ (Fig. 2d , white line) and are not equimorphic with 145 micro-crystals towards the centre of the ISZ. This suggests some recrystallization of 146 outer portions of the ISZ to form the OZ in this particular framboid. The thin outer 147 rim records minor late-stage oxidation of pyrite to iron oxide (Fig. DR3) . 148 149 Some single pyrite grains possess several ISZ separated and surrounded by OZ pyrite 150 ( Fig. 2a-b; Fig. DR4 ). In these cases, the grains often exhibit a rather euhedral shape 151 that disguises their original formation mechanism (Fig. 2) . In other examples, the OZ 152 is chemically heterogenous in CN org , with clear concentric zoning marked by 153 outward-decreasing CN org contents (Fig. DR5) . Occasionally the CN org chemical 154 microstructure of the ISZ is completely lost and only a spheroid of pure pyrite is seen (Fig. DR6) . 156
157
We interpret the ISZ in these grains as relict primary pyrite framboids and the OZ as 158 secondary pyrite. For those pyrite grains that possess several ISZ, these are interpreted 159 as multiple, closely spaced relict primary framboids that were cemented together by 160 secondary pyrite overgrowths. The distribution of CN org in most ISZ closely 161 resembles the pattern of organic enrichment seen in modern framboidal pyrite that 162 nucleated and grew within biofilms (MacLean et al., 2008) . The nano-texture of the 163 ISZ is also near identical to that seen in modern biologically-mediated framboids, 164
where every pyrite micro-crystal in the framboid is enclosed by a thin biofilm 165 (compare Fig. 2d -e with fig. 2c of MacLean et al., 2008) . Hence, we conclude that our 166 560 Ma framboids likewise nucleated and grew within biofilms. Wispy carbonaceous 167 laminae observed in thin sections close to the framboid-bearing layer (Fig. DR1a)  168 likely represent the remains of such biofilms. Biofilms provide a number of 169 favourable conditions for framboid formation: 1) the organic framework provides a 170 pre-existing confined growth space that can control crystal size and morphology 171 (Bianconi et al., 1991; Maclean et al., 2008) ; 2) biofilms replicate conditions of high 172
Fe and S supersaturation (required for successful experimental abiotic precipitation of 173 pyrite framboids; Ohfuji and Rickard, 2005) so that nucleation rate is significantly 174 greater than crystal growth rate; 3) biofilms contain large amounts of polysaccharides 175 that have a high Fe 2+ binding capacity, enhancing crystal nucleation (Flemming, 176 1995; likewise, Ni and As could also be preferentially bound by biofilms, consistent 177 with their enrichment in CN org zones); 4) cell walls within biofilms provide further 178 preferred nucleation sites for metal sulfides (Ferris et al., 1987) ; and 5) metal-179 reducing and sulfate-reducing bacteria in biofilms can provide a local source of 180 reactive iron and sulfide (Rickard, 2012) . In modern framboids, a layer of biofilm also 181 tends to enclose the entire framboid (Large et al., 2001; MacLean et al., 2008) . While 182 this could equate to the OZ observed in our pyrite grains, our OZ are much thicker 183 than modern biofilm coatings. This, together with our nano-textural observations 184 above, suggests the OZ is instead a zone of recrystallization and overgrowth. 185
186
Insights from sulfur isotope geochemistry 187
Sulfur isotope data (Table DR1 
Framboid diameters as a paleo-redox proxy 224
The CN org chemical maps allow us to measure the diameters of the relict framboids 225 (defined as the ISZ in the NanoSIMS CN org maps) and compare these to the total 226 diameter of the enclosing pyrite grains (Fig. 3) . Relict framboids range in diameter 227 from 2.0 to 10.1 m (mean 5.7 m; n = 37), while pyrite grains hosting the framboids 228 range in diameter from 8.6 to 18.7 m (mean 13.2 m; n = 28). Since few of the 229 pyrites are observed in median section, these measurements will underestimate the 230 true diameters. However, this underestimation has been calculated to be 10% or less 231 (Wilkin et al., 1996) and does not change the fact that there is a significant difference 232 in mean diameters between relict framboids and their enclosing grains. 233
234
Framboid diameters have been used to determine whether pyrite precipitation took 235 place within a euxinic water column or within sediments below an oxic or dysoxic 236 water column (Wilkin et al., 1996; Wignall and Newton, 1998; Bond and Wignall, 237 2010; Wang et al., 2012) . In modern euxinic environments such as the Black Sea, 238
where framboidal pyrite has undergone negligible secondary overgrowth, less than 239 4% of framboids are >10 m in diameter (Wilkin et al., 1996) . In contrast, more than 240 10% of framboids from non-euxinic settings have diameters exceeding 10 m and 241 also tend to be more variable in size (Wilkin et al., 1996) . These size differences are 242 related to the time available for framboid growth in each environment; a shorter 243 growth time for those that form settling through a euxinic water column versus a 244 longer growth time for those formed in sediment porewaters (Wilkin et al., 1996) . 245
246
This protocol has been extended into the geological record and used to infer the 247 oxidation state of some ancient water columns (Wignall and Newton, 1998; Wang et 248 al., 2012) . While these studies acknowledge that infilling and welding together of 249 pyrite framboids by secondary pyrite occurs frequently, they conclude that the effect 250 on framboid diameter is negligible. In contrast, our study shows the enclosing grain to 251 have a 7.5 m increase in mean diameter compared to the relict framboids. In the case 252 presented here, these are critical observations because the relict framboids fall into the 253 euxinic water column category of Wilkin et al (1996) , whereas framboids plus 254 overgrowths fall into the non-euxinic category. Hence, these data suggest caution 255 when using pyrite framboid diameters in paleo-redox reconstructions. Simple 256 transects using light microscopy are insufficient to determine the portion of a 257 framboid that is primary in nature. 258
259
CONCLUSION 260
Pyrite grains from 560 Ma sediments exhibit distinctive distributions of CN org that 261 highlight zones of primary framboid growth and subsequent pyrite overgrowths. The 262 pattern of CN org enrichment correlates with pyrite nano-textures showing that organic 263 material is retained at grain boundaries between pyrite micro-crystals and in thin 264 nano-porous rims coating each micro-crystal. Organic material is also found 265 preserved in pyrite overgrowth zones but frequently decreases outwards with 266 progressive overgrowth. The CN org distribution permits accurate measurements of 267 relict framboid versus overgrowth diameters, which is essential if framboids are to be 268 used as paleo-redox proxies. Our data show that 560 Ma framboids nucleated and 269 grew within organic biofilms, extending geological evidence for this growth 270 mechanism back into the Precambrian. These biofilms also contained sulfate-reducing 271 bacteria, and perhaps also metal reducing bacteria, that provided a local source of 272 reduced S and Fe for the pyrite. Our work provides a straightforward protocol for 273 finding hidden framboids in larger euhedral crystals, and for determining the 274 biogenicity of ancient framboids, enhancing their potential as biomarkers on the early 275 Nitrogen is seen at some triple junctions in the ISZ, reinforcing our NanoSIMS data.
However, the overall pattern of N enrichment seen in NanoSIMS maps is not visible here. This is due to the extreme thinness of the TEM sample and the poorer detection limits for N in the TEM. Figure DR3 . Bright-field TEM image and energy-filtered (EFTEM) elemental maps from the outer part of a pyrite grain. While the ISZ and OZ are clearly composed of pyrite, the outer rim contains no sulfur and has been oxidised to iron oxide (arrow).
The mineral to the left of the iron oxide rim is silica, hence the high oxygen signal. 
Methods
Focussed ion beam (FIB) preparation of TEM samples
A dual-beam FIB system (FEI Helios NanoLab) at the Electron Microscopy Unit, University of New South Wales was used to prepare pyrite framboid TEM samples from standard uncovered polished geological thin sections coated with c.30 nm of gold. Electron beam imaging was used to identify framboids of interest in the polished thin sections allowing site-specific TEM samples to be prepared. The TEM sections were prepared by a series of steps involving different beam energies and currents (see Wacey et al., 2012) , resulting in ultrathin wafers of c. 100 nm thickness.
These TEM wafers were extracted using an ex-situ micromanipulator and deposited on continuous-carbon copper TEM grids. FIB preparation of TEM sections allows Energy filtered (EFTEM) elemental maps were obtained on the JEOL 2100 using the conventional three-window technique (Brydson, 2001) , with energy windows selected to provide optimum signal-to-noise.
NanoSIMS ion mapping
Ion mapping was performed using a CAMECA NanoSIMS 50 at CMCA, The
University of Western Australia, with instrument parameters optimized as described in Wacey et al. (2011 and a raster area of 3 x 3 m. Instrument setup, data acquisition, drift correction, instrumental mass fractionation correction and error propagation were carried out according to the protocol described in McLoughlin et al. (2012) . All samples were confirmed as pyrite using laser Raman spectroscopy, so no corrections for matrix effects between the samples and our SON-3 pyrite standard were applied. Analyses were completed over a single analytical session with an uncertainty on bracketing  34 S standard analyses of 1.0 ‰ (1SD; n = 11). Propagated errors for individual analyses (2) are listed in the final column of Table DR1 .
IMS 1280 sulfur isotope analysis
Instrument setup
Sulfur isotope ratios ( 34 S/ 32 S) were determined using a CAMECA IMS 1280 ion microprobe operating in multi-collection mode at CMCA, The University of Western Australia. In all cases NMR regulation was used and 32 S and % of the count rate of the standard, however, there was no observed correlation between secondary count rate and  34 S of the samples.
Data processing
Instrumental mass fractionation and propagation of uncertainty follow the protocol in Farquhar et al. (2013) . Uncertainty terms included internal uncertainty, external uncertainty of the instrumental mass fractionation of the primary standard, and uncertainty of the standard relative to V-CDT.
